Abstract: New chemical sensors are developed for suitable applications in biochemistry and biology, especially for the easy measurement of low concentrations of chemical and biological elements in liquid media. Robust devices, able to detect a small charge variation, can be associated with nanomaterials on the active surface of the sensor. Sensors based on microelectronic technologies and having high sensitivities due to their specific Dual Gate structure are shown. We demonstrate that, under optimum polarization conditions, the sensor exhibits a high sensitivity for pH variations. The integration of several types of nanomaterials on the active surface of the microsensors is also demonstrated and validated for further biological detections.
Introduction
Electrochemical sensors have many advantages such as simple use, accuracy, compatibility with the standards of microtechnology and the possibility of integration of various nanomaterials on their active surfaces. Several types of field effect transistor structures exist for chemical detection applications but, however, they suffer from a limited sensitivity [1, 2] . In respect to the already existing technologies, the dual gate transistor has many advantages such as robustness, low power consumption and high sensitivity to charge detection due to capacitive amplification [3, 4] . In this work, we developed and optimized dual gate transistors, fully compatible with CMOS technologies and high temperature deposition processes necessary for the functionalization of the active surface of the sensors with nanomaterials.
The functionalization of the active surface of the sensor for a selective detection is a key requirement for biosensing applications. For this reason, we aimed to integrate nanomaterials on the active surface of the sensors. In addition, using nanomaterials allows increasing the active specific surface area which is expected to enhance the overall sensitivity of the device. For this purpose, two types of nanomaterials have been studied and grown on the active layer.
Materials and Methods
Dual Gate Field Effect Transistors have shown interesting properties, especially for charge detection. Their structure is comparable to the one of a classical field effect transistor, but they can be polarized with two gate voltages where one of them is the bottom gate, usually fabricated at the beginning of the process. The second gate is fabricated on the surface of the device or can be linked with liquid media as in ISFET structures. In this particular configuration, electrical charges linked at the surface of the device leads to a modification of the current-voltage transfer characteristic. This effect can be enhanced by the capacitance ratio between top and bottom gate insulators. The sensitivity is then clearly enhanced. Based on field effect transistor theory as well as Dual Gate FET theory, the variation of the threshold voltage is given by [3] 
With Vth,bottom and VGTop constant, charges located on the surface create a variation of Vth,Top, that is enhanced by the capacitance ratio and the measured variation is then given by:
We have developped Dual Gate Field Effect Transistors by using a technology based on classical thin film transistors with polysilicon active layer as shown Figure 1 . Source, drain and gate contacts are made with highly N doped polycrystalline silicon deposited by LPCVD. The active layer of the device is made of undoped polysilicon. Its thickness is 100 nm. This process is fully compatible with high temperature treatments for further integration of nanomaterials and surface functionnalization of the top active surface. The gate insulator characteristics have been optimized in order to decrease the threshold voltage while keeping a very low leakage current. With a combinaison of 50 nm thick silicon nitride and 50 nm thick silicon dioxide, we obtain a bottom gate field effect transistor with a threshold voltage of 10 V and a field effect mobility of 10 cm 2 /V·s. 
Results

Sensitivity to pH
In the case of pH, the variation of the threshold voltage is limited by Nernst theory to 59 mV/pH [1] . In the case of Dual Gate FET, the measured sensitivity versus pH can be expressed by:
The electrical characteristics of the devices are studied as a function of both gate polarizations. The charge detection measurements are carried out, using different pH solutions, with various conditions of the dual gate operation mode. The intrinsic capacitive amplification depends on the native oxide thickness which can be estimated. The theoretical amplification with this structure can reach 15.
Transfer characteristics are presented in Figure 3 for three pH values. In this case, the bottom gate voltage is varied and the top gate voltage is fixed to 0 V. As expected, a decrease in pH results in a shift of the transfer characteristic leading to a decrease in the threshold voltage (Figure 3a) . High sensitivities can be measured by selecting a specific bottom gate value. The sensitivity can also be determined with the threshold voltage shift, or even for a given ID value at lower bottom gate voltage. Sensitivities of 740 mV/pH and 850 mV/pH have been recorded under these two conditions (Figure 3b ,c) which demonstrate the ability of such devices to operate as highly sensitive charge sensors, suitable for biochemical detections.
Integration of Nanomaterials
The integration of nanomaterials on the surface of the device has two major interests. It allows first to increase the active surface in contact with the ambient medium. This effect can be beneficial as it may allow enhancing the sensitivity of the device which is mandatory for the detection of species with very low concentrations or for the detection of small variations in a given medium. Moreover, the choice of a suitable surface material is decisive for an easier functionalization necessary for a selective detection. In this context, carbon or silicon are ideal candidates as their functionalizations have been previously studied.
In this work, two types of nanomaterials have been considered and grown on the active layer of the devices: (i) silicon nanowires; and (ii) nanoporous carbon [5] . The first objective was to develop a nanomaterial growth process compatible with the specific technology and materials employed to manufacture the transistors. The growth of nanostructures on the active surface is expected to impact the electrical characteristics of the devices, but could in parallel greatly enhance their sensitivity. For this purpose, silicon nanowires were first considered. In Figure 4 is presented a typical SEM image of the active surface of the device after integration of the silicon nanowires using a VLS (Vapor Liquid Solid) process [6] . The electrical characteristics of the device presented in Figure 4b validate the compatibility of silicon nanowires with FET structure. The second material we considered is nanoporous carbon. It was grown using an original approach involving the deposition of copper/carbon nanocomposite film followed by selective etching of copper in nitric acid allowing obtaining a nanoporous skeleton of carbon. As shown in Figure 5a ,b, this material was successfully synthesized over the active layer made of silicon. The transistor was neither destroyed during the deposition of the copper/carbon film nor during the selective etching of copper using nitric acid. As shown Figure 5c , the transfer characteristic of the device is modified after the nanocarbon integration but maintains, however, a reasonable electrical characteristic sufficient for sensing applications. 
Conclusion
We have developed a technological process for the manufacturing of Dual Gate Field Effect Transistor, compatible with high temperature treatments and measurements in liquid media. As shown by the theory, the sensitivity of charge detection is enhanced by the ratio of gates insulator capacitances. First results for pH measurement led to a sensitivity higher than 800 mV/pH, showing the interest of using such devices for biochemical applications. Furthermore, the integration of two different nanomaterials has been demonstrated without degradation of the devices characteristics. The combination of these two technologies (DG-FET and nanomaterials) is expected to pave the way for the development of highly sensitive biochemical sensors. 
